small volume of urine that is approximately isosmotic to the plasma, while freshwater teleosts produce large volumes of dilute urine (e.g., 129).
What Did Krogh, Smith, and Keys Discover?
August Krogh, working in Copenhagen, proposed that freshwater teleosts must extract NaCl from the environment to maintain ionic balance (73) . Using laborious chemical analyses (think no radioisotopes, flame photometers, or atomic absorption spectrophotometers!), his elegant experiments demonstrated that nonfeeding, freshwater fishes (e.g., catfish, stickleback, perch, trout) could actually reduce the Cl Ϫ content of the tank water from concentrations below ϳ1 mM (in one case from a solution that was only 20 micromolar). Using a divided chamber, Krogh also demonstrated that the Cl Ϫ uptake was from the head end, which he suggested was most probably across the gills. Most important, he measured Cl Ϫ uptake from a variety of Cl salt solutions (e.g., NaCl, KCl, NH 4 Cl, and CaCl 2 ) and found that the cation made no difference, indicating that Cl Ϫ uptake was independent of Na ϩ uptake. He suggested that Cl Ϫ uptake was probably in exchange for HCO 3 Ϫ . Likewise, he found that Na ϩ uptake was similar from solutions of NaCl, NaBr, NaHCO 3 , and NaNO 3 , demonstrating that Na ϩ uptake was independent of Cl Ϫ uptake. He suggested that Na ϩ uptake might be coupled to NH 4 ϩ excretion, since he measured increases in NH 4 ϩ efflux when Na ϩ uptake was stimulated by an increase in external Na ϩ concentrations (73) . Krogh performed similar experiments on a variety of freshwater organisms (e.g., annelids, mollusks, and crustacea) and concluded that this ability to extract Na ϩ and Cl Ϫ independently from a hypo-osmotic medium was a general phenomenon (72, 74) .
Homer Smith was on the medical faculty at New York University but worked during summers on marine teleosts (and elasmobranchs) at the Mt. Desert Island Biological Laboratory in Salisbury Cove, ME. He proposed that marine teleosts must ingest the seawater medium to replace the water loss osmotically (128) and somehow excrete the excess salts taken in by diffusion from the hyperosmotic seawater, as well as by drinking. He measured ingestion rates by dyeing the medium with phenol red, analyzed the gut fluids and the urine, and measured urine flow rates in eels, anglerfishes, 4 and longhorn sculpins. Smith found that the total ionic content and volume of the gut fluids declined in the intestine (ϳ90% and 70%, respectively), with a significant reduction of Na ϩ and Cl Ϫ , but an increase in Mg 2ϩ and SO 4 2Ϫ (two to fourfold) (128) . The urine was at most isosmotic to the plasma (definitely not hyperosmotic), containing nearly the same plasma levels of Na ϩ and Cl Ϫ , but decidedly higher Mg 2ϩ and SO 4 2Ϫ concentrations than the plasma, and even higher (3-6 times) divalent concentrations than the surrounding seawater. Thus, Smith proposed that ingested divalent ions were excreted either rectally or renally. 5 The major finding in these studies was probably that, because the NaCl concentration in the urine was slightly below the plasma concentrations and certainly below seawater concentrations, there must be an extrarenal pathway for net extrusion of both Na ϩ and Cl Ϫ , which Smith proposed was by secretion of a hyperosmotic solution across the gills (128) . This pioneering study provided the framework for the basic model of marine teleost osmoregulation that is accepted today: oral ingestion to balance osmotic water loss, intestinal NaCl uptake to retrieve the needed water, renal and rectal excretion of the ingested divalents, and extrarenal (probably branchial) excretion of NaCl. Smith reviewed his work in 1932 (129) , including his studies of freshwater and marine elasmobranchs, as well as his thoughts about the origin and evolution of the vertebrate kidney, which will not be reviewed here 6 . That review also included the first reference to the concurrent research of Ancel Keys, which provided the missing piece of the marine teleost model-proof that salt is secreted by the gill.
Ancel Keys was Krogh's postdoctoral student in Copenhagen during the early 1930s and also worked at the Physiological Laboratory in Cambridge, UK, during the same period. Keys knew of Smith's work and set out to confirm the hypothesis of salt secretion across the marine teleost gill. He invented a complex perfused heart-gill preparation using the eel (67), which has never been duplicated in its stability despite attempts of at least three groups (e.g., 12, 103, 105) . 7 By monitoring the Cl Ϫ concentration 8 of the perfusate (fish saline) or irrigate (seawater) before and after the gill, Keys showed clearly that Cl Ϫ was excreted across the gills (into the seawater irrigation solution) despite the nearly threefold concentration gradient in the opposite direction. In Keys' words: "It is clear that in this experiment the internal medium became diluted by reason of a concentrated chloride solution being secreted by the gills" (66) . In a subsequent paper, Keys goes on to say: "the chloride secretion exhibited by the gills of the eel in seawater is an active process" (68) . Surely, these must be some of the earliest suggestions of active transport across an epithelium. 9 In that third paper, Keys and Willmer (68), described "chloride secreting cells" in the gills of various species of marine teleosts (e.g., eel, conger eel, salmon, plaice). They commented that, given the fact that they were "clearly evident . . . it is rather surprising that [they] were not reported earlier." Because of their structure (not similar to mucous cells) and position (between the blood and the external medium), they proposed that this provided "a possible and even probable histological basis for the branchial chloride secretion." They suggested that, because the freshwater species that they examined (roach, dace, bream) had similar cells (albeit fewer in number), the cells also could be involved in salt uptake by freshwater fishes (68). 4 The angler fish (Lophius sp.) became famous during the same era, because E. K. Marshall and Homer Smith found that it was aglomerular and could be used to prove definitively that the vertebrate proximal tubule could secrete salts and water into the nephron (88, 89) . 5 The clearest balance sheet for monovalent vs. divalent ion absorption and excretion in marine teleosts remains the work of Hickman (51). 6 A nontechnical discussion of Smith's work can be found in his famous "From Fish to Philosopher" (127) . 7 This may have been due to the fact that these groups did not include the heart in the preparation. Keys found that the presence of the heart was critical to the hemodynamic success of the preparation, and he suggested that "the perfusion medium derives a hormone, or hormones, from the heart, which acts to preserve capillary tone." This proposition that the heart might produce a vasoactive substance predates DeBold's discovery of atrial natriuretic peptides by 50 years (15). 8 Cl -was chosen because of the relative ease (compared to Na ϩ ) of chemical determination. 9 Huf's classic description of active salt transport across the frog skin was published four years later (56) . 10 Keys left fish physiology a few years later but went on to a very distinguished career in nutrition, including the formulation of "K rations" Thus, it certainly can be said that the basic model for teleost osmoregulation was formulated and published in the 1930s, due to the work of Krogh, Smith, and Keys ( Fig. 1) . In fact, one reviewer of my first National Science Foundation proposal in 1970 wondered why they should fund my proposal, because "Homer Smith has told us what we need to know about fish osmoregulation." 11 Since the late 1960s, laboratories in the United States and Europe (and more recently, Asia) have produced a substantial body of literature on the mechanisms of fish osmoregulation that were first described by Krogh, Smith, and Keys. Space limits this review to the pathways of teleost gill salt transport, but the reader can get a much broader perspective of fish osmoregulation by reading some recent reviews (31, 62, 91) , as well as a recent review by Grosell (49) (86) . Importantly, they also suggested that these mechanisms might be related to acid-base balance, as well as ionic regulation (14) . We followed up on this idea, demonstrated what appeared to be Na/NH 4 exchange in marine fishes and euryhaline fishes in fresh water (24, 28) , and suggested that the exchanges even might be important in acid-base regulation in marine fishes 12 (26) . We also proposed that these exchange mechanisms evolved in the stenohaline, marine hagfishes, before the vertebrates entered fresh water (25) . Thus, evolution of the first vertebrates into fresh water (and modern euryhalinity) may not have been limited by the presence or absence of Na ϩ /NH 4 ϩ and Cl Ϫ /HCO 3 Ϫ exchangers but by the affinity of the uptake mechanisms vs. gill ionic permeability (30) . These data seemed to confirm Krogh's hypothesis, but others suggested that the extremely low external Na ϩ and Cl Ϫ concentrations in most freshwaters would limit the rate of these passive exchangers. Work by Ehrenfeld and Garcia-Romeu in Maetz's laboratory demonstrated that frog skin Na ϩ uptake is actually via an apical channel, driven by an electrochemical gradient produced by active proton secretion (21) , and other Maetz colleagues, Avella and Bornancin, found that Na ϩ uptake by the perfused trout gill was correlated with proton, rather than ammonia, efflux. They proposed that, like the frog skin, the gill epithelium of the freshwater fish extrudes proton actively, which draws in Na ϩ (via a channel) down the electrochemical gradient across the apical membrane (2). The alternative, obviously, is that Na ϩ /H ϩ exchange could account for their findings, but they proposed that the apical electrochemical gradients could not support this passive exchange. A similar conclusion, based upon thermodynamic calculations, was reached by Potts (115) and Kirschner 13 (69) . Gill salt secretion. The first suggestion of a mechanism for gill salt extrusion came from Frank Epstein's laboratory [working at the Mount Desert Island Biological Laboratory (MDIBL)], which demonstrated that the newly discovered Na (126) had high enzymatic activity in fish gill tissue and that the activity was higher in marine species (sculpin, killifish, sea raven, flounder, angler fish) than freshwater species (minnow, bass, eel) and increased in the eel gill when that euryhaline species was acclimated to seawater (22, 60) . This correlation of Na ϩ -K ϩ -activated ATPase activity with salinity was generally corroborated in subsequent studies (see 37) , but the euryhaline, Asian milkfish displays an inverse pattern (82) , as does the euryhaline stingray (111). Epstein's finding prompted Jean Maetz's 14 laboratory, and my own, to try to show Na/K exchange experimentally, using the during World War II and the first discussion of the link between cardiovascular disease and dietary lipid intake. For the latter, he was featured on the cover of Time on January 13, 1961. He passed away at 100 in 2004 and is featured in an obituary at the APS Web site: http://www.the-aps.org/membership/obituaries/ancel_keys.htm. 11 The grant was funded, for the then grand amount of $50,000 for two years. 12 Heisler's group in Germany had found that acid-base disturbances in freshwater and marine fishes were largely compensated for by transfer of acid or base equivalents across the gills (29, 50) . 13 Bill Potts and Len Kirschner were pioneers in comparative animal osmoregulation. Indeed, Potts's book with Gwyneth Parry (117) started many of us in this subdiscipline.
14 Jean Maetz was one of the leading figures in fish osmoregulation in the 1960s and 1970s (e.g., 84). He was tragically killed in an automobile accident Fig. 1 . Mechanisms of osmoregulation by teleost fishes. Freshwater teleosts are hyperosmotic to the surrounding solution, so they face osmotic gain of water and diffusional loss of NaCl across the permeable gill epithelium. These potentially disruptive osmotic and ionic movements are compensated for by excretion of relatively large volumes of a dilute urine, and active uptake of NaCl across the gill epithelium. Marine teleosts are hyposmotic to seawater, so they face osmotic loss of water and diffusional gain of NaCl across the gill. Compensatory mechanisms include ingestion of seawater, intestinal absorption of NaCl and water, excretion of small volumes of blood-isotonic urine (after tubular reabsorption of Na, Cl, and water), and active secretion of NaCl across the gill epithelium. Passive ion movements are denoted by dashed arrows; active by solid arrows. See text for details. Fish outline is used, with permission, from Ref. 119. then popular, radioisotopic flux methods. Maetz found that the measured K ϩ influx was identical to the Na ϩ efflux from the flounder, and that the latter was proportional to the external K ϩ concentration (85) . We found the same linkage of external K ϩ with Na ϩ efflux, with a K m that was equivalent to the K m for the K-stimulated Na ϩ -K ϩ -activated ATPase activity in gill tissue from the fat sleeper (36) . Thus, it seemed clear that Na ϩ extrusion was via an apical Na/K exchange pump. This hypothesis was falsified three years later by the clear demonstration by Karl Karnaky (also working at the MDIBL) that Na ϩ -K ϩ -activated ATPase was basolateral, rather then apical, in the gill "chloride cells" in the euryhaline killifish (63) .
One of the major problems with studying the mechanisms of transport across the fish gill is that it is a very complicated epithelium, not amenable to the classic Ussing chamber approach, which was proving so important to studying the mechanisms of Na ϩ transport across the toad skin and bladder during the same period (e.g., 141); (reviewed in Ref. 61 ). Karnaky solved this problem by discovering that the epithelium lining the inner surface of the gill cover (operculum) of some species of teleosts (the euryhaline killifish was the prime example) contains high concentrations (60% vs. 10% in branchial epithelium) of "chloride cells." When mounted in an Ussing chamber, the opercular epithelium produced a shortcircuit current that could be entirely accounted for by the net radioisotopic Cl Ϫ efflux (64) . Under short-circuited conditions, there was no net flux of Na ϩ . Thus, ironically, it appeared that the "chloride cells" were aptly named by Keys radioisotopic effluxes across the gill of the eel, and they suggested that the mechanism for Cl Ϫ extrusion might be a coupled Na ϩ ϩ Cl Ϫ cotransport, similar to that which was being described for a variety of other epithelial tissues (reviewed in Ref. 42 ). The definitive proof that the "chloride cell" was the site of the Cl Ϫ extrusion came five years later, when Kevin Foskett showed clear Cl Ϫ currents when a microprobe was placed over "chloride cells" in the opercular skin of tilapia, which also has high concentrations of these cells (41) . Thus, by 1980, the model for NaCl extrusion by the marine teleost gill epithelium was in place and is still accepted today (Fig. 2) .
Recent Molecular and Physiological Studies
Gill salt uptake. Molecular techniques have been applied in the study of the mechanisms of gill salt uptake since the early 1990s (for reviews, see Refs. 53 and 57). The fact that known inhibitors of proton transport (e.g., vanadate or decreased external pH) inhibited H ϩ extrusion by the trout gill (79) supported the hypothesis of the active, apical proton pump that Avella and Borancin (2) had proposed. Subsequent studies in Randall's laboratory (80) demonstrated a proton-sensitive ATPase activity in trout gill homogenates, which was inhibited by known proton pump inhibitors (e.g., N-ethymaleimide; dicyclo hexylcarbodiimide, diethylstilbestrol, p-chloromercuribenzenesulfonate, and bafilomycin). Bafilomycin-sensitive Na ϩ uptake now has been demonstrated in zebrafish (3), tilapia and carp (39) , and trout (118). Randall's group also showed the apical localization of a V-type H ϩ -ATPase in the trout gill, via immunofluorescence and Western blot analysis (78) . The apical cellular localization has now been extended to tilapia and colocalized with what appears to be an ENaC-like sodium channel (143) . Finally, phenamil, an ENaC inhibitor in mammals (70), reduces Na ϩ uptake in the goldfish and trout (102, 118, 120) . Interestingly, there is no ortholog or paralog for ENaC in the published genomes of any fish (e.g., zebrafish, fugu, stickleback, medaka), so (despite the immunohistochemical signal, using a heterologous antibody) it is unlikely that the putative channel is homologous to ENaC. On the other hand, a fish V-type H ϩ -ATPase has now been cloned from the trout (106), as well as the killifish (65) . Somewhat surprisingly, the V-type H ϩ -ATPase appeared to be localized to the basolateral membrane in the killifish. Most recently, P.-P. Hwang's group has demonstrated cells in the skin of zebrafish larvae that express apical V-type H ϩ -ATPase and show a bafilomycin-sensitive current when a proton-sensitive ion probe is passed over the cell in the intact tissue (81) . Injection of morpholinos containing antisense sequences to V-type H ϩ -ATPase mRNA decreased the cellular expression of V-HAT and the acid efflux from the tissue, as well as the Na ϩ content of the embryos (55). It is generally assumed that basolateral Na ϩ -K ϩ -activated ATPase provides the pathway for basolateral transport of Na ϩ into the extracellular fluids, but there is some evidence that a basolateral Na ϩ ϩ HCO 3 Ϫ cotransporter may also be involved in the rainbow trout (102, 107) and Osorezan dace (52) . The cells that secrete acid via an apical V-type H ϩ -ATPase, and Na ϩ via an apical channel may be equivalent to a subpopulation of mitochondrion-rich cell (MRC) from the trout gill (isolated by Percoll gradient) that does not bind to peanut lectin agglutinin (PNA-negative) (43, 47, 109) . These cells express relatively high V-type H ϩ -ATPase activity and a phenamil-sensitive Na ϩ uptake (120) and may be equivalent to "cuboidal cells" described in the killifish gill (77) .
Parallel to the foregoing studies on the proton pump-Na (NHE) 15 in some species, including marine teleosts. An early study from Claiborne's laboratory (10) identified NHE2 mRNA in the gill of two marine teleosts (longhorn sculpin and killifish), and Edwards (19) immunolocalized NHE3 to MRC in both the rainbow trout (FW) and blue-headed wrasse (SW), and Wilson (143) immunolocalized NHE2 to the apical surface of non-MRC in the tilapia gill. Edwards has since demonstrated NHE2 immunoreactivity in the killifish gill (20) , and the mRNA for that protein is upregulated after acclimation to fresh water (123) . The initial immunolocalizations used heterologous antibodies, but Hirose's laboratory used homologous antibodies to demonstrate apical NHE3 in gill MRC in Osorezan dace, which was upregulated when the fish were acclimated to low-pH fresh water (52) . These authors proposed that Na ϩ uptake via the apical exchanger was thermodynamically possible because of the low intracellular Na ϩ content that was maintained by the basolateral Na ϩ -K ϩ -activated ATPase, plus a basolateral Na ϩ ϩ HCO 3 Ϫ cotransporter (NBC1), which they colocalized with Na ϩ -K ϩ -activated ATPase. The H ϩ and HCO 3 Ϫ may be provided by intracellular carbonic anhydrase, which also was demonstrated by immunohistochemistry (52) . Most recently, Perry's group (59b) has used homologous antibodies to localize apical NHE2/NHE3 in MRC in the trout gill epithelium. Similar data have now been reported for elasmobranchs, where branchial, Na ϩ -K ϩ -activated ATPase -containing cells also express apical NHE3 or NHE2 (7, 9, 11) .
There is also emerging evidence that an apical Na-Cl cotransporter may be involved in ionic uptake in freshwater fishes. Both NKCC-like and NCC-like (59a) have been immunolocalized to apical membranes in the gill of tilapia (57, 144) , but there are no physiological data supporting a role in NaCl uptake.
The evidence for an apical anion exchanger is somewhat less conflicting, although relatively scant. A Cl Ϫ /HCO 3 Ϫ exchanger (AE1; SLC4) was immunolocalized to the apical surface of Na ϩ -K ϩ -activated ATPase-containing cells in tilapia (143) . On the other hand, a pendrin-like anion exchanger (Cl Ϫ /HCO 3 Ϫ ; SLC26) has been immunolocalized in the stingray to cells in the gill that contain basolateral V-type H ϩ -ATPase, distinct from Na ϩ -K ϩ -activated ATPase-expressing cells (9, 112) . Intracellular carbonic anhydrase (e.g., 52) coupled to basolateral V-type H ϩ -ATPase could provide the cytoplasmic HCO 3 Ϫ to drive the apical Cl Ϫ /HCO 3 Ϫ exchanger (140) . These baseexcreting cells may be equivalent to the isolated trout gill cells that bind to peanut lectin agglutinin (PNA-positive) (43, 47, 109) , but the evidence is "scarce and indirect" (140) . Surprisingly, Perry's group has recently demonstrated that these PNA ϩ cells in the trout branchial epithelium also express apical NHEs and that the mRNA for NHE2 is upregulated (59b).
This somewhat conflicting, and incomplete database gives us a rather complex working model for Na ϩ and Cl Ϫ uptake by freshwater fishes (Fig. 3) . It is clear that the presence and importance of apical proton pumps coupled to Na ϩ channels vs. apical Na/H exchangers in freshwater teleosts (or in acidbase regulating species in any salinity) may vary, and the actual distribution of the proteins on the apical vs. basolateral membranes of one or two cells may be species specific.
Interestingly, Hwang's group has recently published a cloning and immunohistochemical (IHC) study that demonstrated both apical V-type H ϩ -ATPase and NHE3 in the same, non-NKA cell in the zebrafish gill; V-type H ϩ -ATPase was upregulated during acidosis, and NHE3 was upregulated in a reduced Na ϩ solution (145) .
Finally, it is noteworthy that the putative pathways for Na ϩ and Cl Ϫ uptake by the gill epithelium of fishes are similar to those described in the mammalian proximal tubule (apical NHE exchanger, basolateral Na ϩ -K ϩ -activated ATPase) (1) and the ␣-vs. ␤-type intercalated cells of the mammalian collecting duct and turtle bladder (apical V-type H ϩ -ATPase and basolateral Cl/HCO 3 vs. apical Cl/HCO 3 and basolateral V-type H ϩ -ATPase) (e.g., 4, 5, 132, 133). Gill salt secretion. Since the early physiological studies, numerous groups have demonstrated that "chloride cells" in a variety of teleosts express Na ϩ -K ϩ -activated ATPase, measured both immunohistochemically for the protein and via in situ hybridization for the mRNA. In the past decade, "chloride cells" have been renamed "mitochondrion-rich cells," or MRC, and IHC localization of Na ϩ -K ϩ -activated ATPase has been used to visualize the cells in specific regions of the gill of many species of teleosts, as well as in elasmobranchs and agnathans (reviewed in Ref. 37) .
Supporting the initial suggestion of Silva et al. (124), modern IHC techniques have localized the Na, K, 2Cl cotransporter (sensitive to furosemide; actually NKCC1) to the basolateral regions of the MRC in the fish gill (e.g., 104, 138) and, as one might expect, the expression of the transporter declines as the salinity is lowered. Fish-specific NKCC1 has now been cloned from a variety of fish species (e.g., eel, brown trout, Atlantic salmon, and striped bass; Ref. 37). Basolateral, recycling of K ϩ may be via an inward rectifying K ϩ channel, which increases in expression in seawater-acclimated eels (136) . To complete the extrusion pathway across the MRC, one must propose an apical Cl Ϫ conductance, and Marshall's group (90) discovered a Cl Ϫ channel (in cultured killifish opercular MRCs) whose electrical properties and response to relatively specific inhibitors suggested that it is related to the cystic fibrosis transmembrane conductance regulator (CFTR; Ref. 121 ). Subsequently, the first fish CFTR was cloned (125) and localized 15 NHEs are members of the SLC9 gene family (101). Ref. 37.] to the apical membrane of the MRC, after the killifish was acclimated to seawater (92) .
Thus, molecular localization has confirmed the model that was first suggested by the Karnaky and Epstein laboratories at the MDIBL, where Homer Smith also did his early experiments. The model is generally accepted, including the assumption that Na ϩ is in electrochemical equilibrium across the marine teleost gill epithelium and is excreted by passive diffusion through paracellular pathways (e.g., 122), down the electrochemical gradient produced by the secondary active transport of Cl Ϫ . In some cases, however, the transepithelial electrical potential measured across intact fishes (and assumed to be across the gill) is quite different from the Nernst equilibrium potential for Na ϩ (reviewed in Refs. 27 and 91), suggesting that alternative Na ϩ pathways might be discovered in some species in the future.
In summary, modern, molecular techniques have provided an array of data that have extended and clarified the models of gill salt transport that were first proposed by Krogh, Smith, and Keys. The transport mechanisms in the seawater gill are relatively well accepted. We are less certain of the specific mechanisms (or cellular distribution of these mechanisms) that mediate NaCl uptake in freshwater fishes, and in marine fishes for acid-base balance. Certainly, this is an area for future research, using this array of modern techniques that Krogh, Smith, and Keys did not have available.
Control of Gill Salt Transport
Krogh, Smith, and Keys did not study mechanisms of control of fish osmoregulation, but the past 50 years has seen the publication of a large amount of literature on this subject. Early studies demonstrated the importance of prolactin or survival of teleosts in fresh water (87, 110, 116) and cortisol for acclimation to sea water (40, 94) . More recent work has shown that cortisol is also important in freshwater osmoregulation, and that circulating hormones such as growth hormone, IGF, angiotensin, arginine vasotocin (fish equivalent of vasopressin), natriuretic peptides, thyroid hormones, glucagon, urotensin, calcitonin, and calcitonin-related peptide, stanniocalcin, and parathyroid-related protein may be involved in gill transport and gill perfusion. Space does not permit even a cursory discussion, but the interested researcher can read a much broader review in the following papers: (23, 37, 95, 96, 137) .
As might be expected, the gill is innervated by adrenergic, cholinergic, serotonergic, and nitrergic neurons, each of which has been shown to affect function (17, 37, 99) . Recent evidence suggests that gill neural or epithelial cells may function as local control sites via secretion of paracrines, such as endothelin (59) , prostanoids (8) , nitric oxide, and even superoxide ions (reviewed in Ref. 37 ). The remainder of this short review will discuss our recent data on endothelin.
Since its discovery in 1988 (146) , the peptide family of endothelins (ET1-3, now termed EDN1-3) has been shown to be potent regulators of vascular tone and ionic transport in mammalian systems (e.g., 48, 93) and, thereby, important in such pathologies as hypertension (98, 139) and renal failure (76, 122) . Endothelins mediate cellular responses via three, G-protein coupled receptors: EDNRA, EDNRB1, and EDNRB2 (e.g., 13) The first study of the effect of endothelin on fish cardiovascular physiology demonstrated that mammalian EDN1 produced an increase in gill resistance in the trout and contracted isolated vascular rings from the celiacomesenteric and coronary arteries and the anterior cardinal veins (100) . Subsequent studies by the Olson group isolated trout EDN and confirmed that it produced concentration-dependent contractions of isolated trout blood vessels (142) , as well as an increase in gill resistance in the intact trout (54) and spiny dogfish (108) . Our preliminary studies have confirmed the increase in gill resistance (46) in the longhorn sculpin, and we extended the isolated vascular ring studies to ventral aortic tissue from the elasmobranch spiny dogfish (32), the teleost eel, and two agnathan fishes, the hagfish and marine lamprey (35) , so it appears that the vasoconstrictive effects of endothelin are present throughout the vertebrates. In superb videomicroscopic studies (130, 135) , it was demonstrated that the increase in gill resistance in the gill is secondary to the contraction of pillar cells, which separate the two surfaces of the gill lamellae and produce sheet flow of blood through the gill, which maximizes gas exchange (see Ref. 97 for a recent discussion of pillar cell morphology and contractility).
Initial studies suggested that the EDN receptors expressed in fish vasculature were EDNRA-like in the trout (83) , eel, and lamprey (35) , but that EDNRB-like receptors mediated the responses in the shark ventral aorta (32, 34) . Most recently, pillar cells have been shown to express EDNRB in the cod (131) and EDNRA in the fugu (134) . Only the fugu study used fish-specific antibodies for the immunohistochemical localization.
Because we knew that endothelin also inhibited renal ion transport (e.g., 45, 114, 147), we decided to investigate its effects on gill salt secretion, using the killifish opercular epithelium that has been described earlier in this review (see also Ref. 16 ). We found an equivalent and concentrationdependent inhibition of the short-circuit current across the tissue (38) by both mammalian EDN1 and sarafotoxin S6c, a specific EDNRB receptor antagonist in mammalian preparations (e.g., 93). Moreover, as has been shown in mammalian renal tissues (e.g., 113, 114), EDN inhibition is reduced somewhat by inhibition of nitric oxide synthase. In this opercular tissue, however, inhibition of cyclooxygenase had a much greater effect, suggesting that prostaglandins (specifically PGE2 in this case) play a bigger role mediating the response (38) . 16 These findings prompted us to localize the protein players in this axis to specific cells within the gill architecture. Like most comparative physiologists, we have had to use heterologous antibodies for these immunohistochemical localizations, but we have been careful to find antibodies, when possible, that have been made against known epitopes on the antigenic protein that share relatively high sequence homologies with the fish sequences. In the killifish, endothelin can be localized to lamellar pillar cells and to epithelial cells in the filament that are not the MRC (59) . Neuronal nitric oxide synthase 17 can be localized to these same cells (58) , but cyclooxygenase is in the MRC (8) . The B-type receptors (EDNRB) are localized to the vasculature (including pillar cells), but the EDNRA are clearly in the MRC, not on gill blood vessels (K. A. Hyndman and D. H. Evans, unpublished data). Our working model involves some unknown trigger (external salinity, blood osmolarity, blood pressure, oxygen tension?) stimulating the production of EDN by the filamental epithelial cells and pillar cells, which stimulates adjacent MRC (via intracellular production of PGE) to inhibit salt extrusion across the gill epithelium, and stimulates the pillar cells to contract and redirect blood flow to the outer marginal channels of the lamellae.
Perspectives and Significance
We have learned much about fish gill transport (and osmoregulation in general) since August Krogh, Homer Smith, and Ancel Keys published their seminal papers in the 1930s-most specifically, the cellular mechanisms that control the basic epithelial transport steps that they proposed. The physiological studies of the "middle years" (1960 -1990) provided some support for their hypotheses, but these studies were ultimately limited by the complex intracellular structure of the transporting, mitochondrion-rich cell, and the variable specificity of putative transport inhibitors. The advent of techniques that allow specific cell protein localization has revolutionized this field. This started with the radiolabeling of basolateral Na ϩ -K ϩ -activated ATPase with tritiated ouabain and has evolved into the routine immunolocalization of all of the transporters thought to play roles in salt uptake and extrusion. Conclusions are sometimes limited by the use of heterologous rather than species-specific antibodies, and there are apparent instances of species differences, but these techniques are powerful and should be extended to an array of species to attempt to get some general pattern, especially for salt uptake. Obviously, the emerging "knockdown" techniques (siRNA, morpholinos, etc.) will be powerful tools to study the role of specific transporting and signaling proteins. We can all look forward to rapid advances secondary to the application of these new protocols, and those that are yet to be published. 
